Soil moisture plays an important role in the water, carbon, and energy cycles. We summarize the 13 articles collected in this Special Issue on soil moisture remote sensing across scales in terms of the spatial, temporal, and frequency scales studied. We also review these papers regarding the data, the methods, and the different applications discussed.
Introduction
Soil moisture plays an important role in the water, carbon, and energy cycles. The amount of moisture in the soil is an important variable to understand the coupling of the surface and the atmosphere. It is a key component in improving weather forecasting and climate models, and it has been recognized as an essential climate variable. Assimilation of soil moisture to land surface models has resulted in increased understanding of processes controlling the energy exchange at the land-atmosphere interface. It is also used to improve rainfall estimations, drought monitoring, land slide prediction, and flood forecasting. Thanks to a number of sensors with different characteristics, it is possible to study the soil moisture content at different spatial scales from tens of kilometers (Advanced Scatterometer (ASCAT), Soil Moisture Active Passive (SMAP), Soil Moisture and Ocean Salinity (SMOS), Advanced Microwave Scanning Radiometer 2 (AMSR-2), Microwave Radiation Imager (MWRI) on board the FengYun-3 satellites, etc.) to tens/hundreds of meters (Sentinel-1, Radarsat-2, GF-3, etc.), or even at sub-meter resolution using drones. By combining data from different instruments with sensors across the electromagnetic spectrum (different microwave bands, visible, infra-red, active, and passive), it is possible to improve the quality of the soil moisture retrievals obtained with a single instrument. Using the currently-available satellites, soil moisture can be monitored at daily frequency and disseminated in near-real time. Finally, a harmonized processing of observations from different sensors can provide long-term soil moisture records for climate studies.
This wealth of sensors and new results on soil moisture remote sensing justify a new Special Issue following the previous Special Issue "Retrieval, Validation and Application of Satellite Soil Moisture Data" (available online: https://www.mdpi.com/journal/remotesensing/special_issues/soilmoisture (accessed on 7 December 2018)). In the current Special Issue, we welcomed studies on remote sensing of soil moisture across different spatial and temporal scales. The potential topics for these included the retrieval approaches of soil moisture, the validation of soil moisture retrievals, and the use of remotely-sensed soil moisture data for scientific research or operational applications. The specific areas of interest included:
• Retrieval algorithms, in particular using multi-wavelength, active and passive data, both based on physical models and data-driven methods • Downscaling satellite soil moisture, merging data from sensors with different spatial resolutions • Approaches for the harmonized processing of data coming from different sensors to construct longer, coherent, soil moisture records • Validation of satellite soil moisture products, in particular using new techniques for up-scaling and new measurements.
•
Applications of remotely-sensed soil moisture data including data assimilation and disaster assessment • Studies addressing new remote sensing missions
Most of these aspects were covered in the Special Issue, as discussed in the next section.
Overview of the Papers
A total number of 34 manuscripts was received for this Special Issue. Among them, thirteen manuscripts were accepted for publication after revision by three or more external reviewers. Below, we briefly review the published papers.
Remotely-Sensed Soil Moisture Evaluation
The evaluation and validation of remote sensing measurements is a subject of prime importance. In line with the previous Remote Sensing Special Issue on Soil Moisture Validation, the current Special Issue contains a few studies dealing with remote sensing soil moisture validation, which offer new insights into soil moisture validation. Cui et al. [1] presented an evaluation using in situ measurements from the Little Washita Watershed network in the United States and the REMEDHUSnetwork in Spain. Both networks are frequently used for remote sensing validation, and they are particularly interesting because they have many sensors within a satellite footprint for ∼40-km resolution instruments. However, the particularity of the study of Cui et al. [1] is that it was done simultaneously for SMAP, SMOS, MWRI/FY-3B, AMSR-2 (using two different algorithms), and ESA soil moisture CCI datasets. As usual, the results depend on the quality metrics and differ for the two networks; all datasets but AMSR2 LPRM show the best results for at least one network and one quality metric.
Li et al. [2] presented an evaluation of the SMAP Level 3 original (36-km sampling) and enhanced (9-km sampling) soil moisture datasets against model simulations (10-km resolution) and in situ measurements over the Tibetan Plateau. They verified the similar performances for the two SMAP products in spite of the different sampling grids.
Moving towards even smaller spatial scales, El Hajj et al. [3] discussed the evaluation of Sentinel 1 and Sentinel 2 soil moisture retrievals over the southwest of France (using the SMOSMANIAnetwork) at 1-, 9-, and 25-km resolutions. They also evaluated different SMAP products, including the SMAP/Sentinel-1 1-km product and several SMOS and ASCAT products. Once again, the best results depended on the quality metrics, but it is interesting that in some regions, the standard deviation (or unbiased-root mean square) of the difference was 0.06-0.07 m 3 m −3 , significantly larger than the target of 0.04 m 3 m −3 [4] . However, the spatial representation uncertainty between the in situ measurements and the area-averaging satellite observations was not quantified in the investigation and could be the major source of differences. It is also noteworthy that, for the time being, the high resolution products do not show a clear quality improvement with respect to coarse-scale products when compared to single-point in situ measurements.
Applications for Drought Assessment and Rainfall and Evaporation Estimation
Two applications in Brazil are discussed in this Special Issue. Souza et al. [5] discussed the evaluation of SMOS soil moisture data in the state of Pernambuco in Brazil, including in situ sensors, both in forest and arid regions; showing a net decrease of performances from arid to forest regions. They also showed that the use of SMOS data provides additional information to precipitation data that allows the monitoring of drought periods.
Paredes-Trejo et al. [6] showed that the SM2RAINmethod using ESA Climate Change Initiative soil moisture as input exhibits good performances in estimating rainfall from soil moisture in northeastern Brazil, except under very dry or very wet conditions. Finally, Small et al. [7] described an approach to estimate direct evaporation from soil by combining soil drying rates computed from SMAP soil moisture with model calculations of the vertical fluxes.
Retrieval Approaches
A semi-empirical Signal-to-Noise Ratio (SNR) model was proposed by Han et al. [8] to estimate soil moisture using the Global Navigation Satellite System-Interferometry and Reflectometry technique. In addition, a more physical-based soil moisture retrieval algorithm using passive radiometers was presented by Schwank et al. [9] , who discussed an alternative to the well-known "Tau-Omega" approach. They showed that models dealing with more complex physical phenomena, such as multiple scattering and reflections, can provide better retrievals for dense (and strongly-scattering) vegetation while giving the same results as the "Tau-Omega" model for sparse and low vegetation. Furthermore, using a passive radiometer over wheat and mustard fields, Meyer et al. [10] showed the importance of using a time-, polarization-, and angle-dependent optical depth (τ) parameter at the field scale for accurate soil moisture retrieval. Although the importance of those parameters is probably less important at a large scale, these effects should probably be taken into account for multi-incidence angle radiometers such as the SMOS follow-on, SMOS-HR (with an increased resolution of 10 km [11] ).
Data Fusion and Long Time Series
Extracting synergies from multi-source data bases is one of the strengths of machine learning techniques. In this issue, Xu et al. [12] showed a new approach starting from SMAP soil moisture data and using land cover, surface soil temperature, and vegetation water content from NDVI. They showed that this technique can be used to improve SMAP retrievals after training a neural network using in situ measurements as the target.
Lorenz et al. [13] also discussed a statistical technique for SMAP enhanced (9-km sampling) and SMOS data fusion to increase the length of a consistent SMAP/SMOS soil moisture time series. The Copula-combined SMOS-SMAP (CoSMOP) brightness temperatures are statistically consistent with SMAP brightness temperatures, and the soil moisture retrieved from CoSMOP reduces the average RMSE of the original SMOS data by 15% over Soil Climate Analysis Network (SCAN) sites.
On the Interest of New Observing Systems
Cenci et al. [14] compared a SAR in geostationary orbit to a more traditional SAR in polar orbit, in terms of spatial and temporal resolution, by means of data assimilation into hydrological models. They found that a geostationary SAR can be a valuable contribution to hydrological applications if the spatial resolution is kept high (∼100 m).
Data Assimilation for Carbon-Cycle Monitoring
Wu et al. [15] discussed the importance of estimating reliably-modeled CO 2 fluxes between the terrestrial biosphere and the atmosphere to constrain the carbon cycle and policy strategies limiting anthropogenic carbon emissions. They showed that SMOS L3 soil moisture and FAPAR (Fraction of Absorbed Photosynthetically-Active Radiation) can be used to improve model predictions with the terrestrial biosphere model, BETHY (Biosphere, Energy Transfer and Hydrology), using data assimilation. When the optimized parameter set derived from multi-site assimilation with soil moisture and FAPAR is applied to global-scale simulations, it improves the model-data fit against atmospheric CO 2 .
Conclusions
We are living in a kind of "golden age" of soil moisture research with a number of complementary sensors in terms of frequency bands, observing techniques, and spacial resolutions (SMAP, SMOS, FY3B, Aquarius, AMSR-2, ASCAT, Sentinel 1, etc.). Continuity for ASCAT and AMSR is foreseen, for instance MetOp-C has been recently launched carrying a new ASCAT instrument. In contrast, the long-term continuity of passive microwave L-band observations could be compromised in the future. Therefore, it is recommended to start activities defining a future L-band observation system based on the lessons learned from SMOS and SMAP [4, 16, 17] . The Copernicus Imaging Microwave Radiometer (CIMR) project could carry an L-band radiometer. Its spatial resolution (∼60 km, ∼50% lower than the SMAP and SMOS resolutions) would limit a number of applications over land, but it would be extremely useful over the ocean [18] . Aperture synthesis radiometers such as the L/S/C-band radiometer of WCOM (Water Cycle Observation Mission) [16] or SMOS-HR (SMOS-High Resolution), currently in Phase 0 at CNES [11] , with a target resolution of ∼10 km, would ensure the continuity of passive L-band observations at better resolution than provided by current satellites for soil moisture studies and other land applications. We are confident that all those exciting future missions will result in a wealth of scientific discovery and many more Remote Sensing Special Issues in the future. For the time being, we hope that Remote Sensing readers will enjoy the current Special Issue as much as we have enjoyed our role as academic guest editors.
